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MAGNETIC BUBBLE EROMATION PRODUCED BY AV

EXPANDING LASER PLASMA

1. Introduction

we observe the compression of an externally applied magnetic field and

the creation of a magnetic bubble when a laser-generated plasma expands into a

low density magnetized background gas. Compression is possible when the

plasma conductivity is large enough that convection of the field dominates

over the magnetic diffusion process.

A target is placed into a background magnetized low density gas as shown

in Figure l(a). When the target is irradiated with a short high intensity

laser pulse two plasmas are formed: the laser target interaction generates

radiation which preicnizes the background gas to form a stationary ambient

plasma, and the target debris creates a rapidly expanding plasma. As the

debris plasma expands, it may interact with the ambient either through

collisional or collisionless processes. Under low density and high velocity

conditions, collisional coupling becomes less important and collective effects

may dominate. 1 2  Many of these collective processes are sensitive to the

structure and magnitude of the local magnetic field.

The evolution of the structure and magnitude of the magnetic field due to

a rapidly expanding plasma in an external field such as illustrated in Fig. lb

was described by Longmire 3 using magnetic conservation of flux. The magnetic

field is swept away inside the bubble and confined within a small shell near

the expanding debris material. This model was further developed by Wright

(1971) who defined the valid parameter space. 4  Keskinen 5 extended the

analysis of including a piecewise spatially constant collisional term into a

one dimensional model. Although, one-dimensional models predict

unrealistically high field compressions compared to two or three dimensional

models, the diffusion term (i.e., the presence of collisions) is more easily

treated in one dimension. The model is further simplified by ignoring the

various processes which may alter the effective r-ollision frequency, thus

reducing the magnetic Reynold's number; an example of such a process is the

* magnetized ion-ion instability. 1 2 Therefore, we experimentally measure the

Manuwript approved November 7, 1983.
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field compression to better understand the physics associated with this

dynamically changing situation.

This paper addresses our initial experimental findings of the structure
and evolution of the magnetic field. Only slight field compressions have been
observed with shell thicknesses on the order of I cm. Data is also presented
which show that the magnetic shell expands with, or slightly ahead of the

target debris plasma.

11. Experimental Arrangement and Checkout

Various diagnostics were used in this study, includin; charge collrctors,
an optical framing camera, spectrometer, and magnetic induction probes.

The NRL Pharos I1 Nd-glass laser (X a 1.05 im) was used to generate the
debris plasma by irradiating 1.1 mg/cm2 planar carbon targets. Incident laser
energy on target ranged between 5 and 30 joules with a FWHM pilselength of - 4
nsec and irradiances up to 1014 W/cm2 . The focusing lens was of an aspheric

f/6 lens with a focal length of 1.2 meters. Gas was introduced into the
experimental chamber with a controlled orifice which was programmed tc
maintain a given ambient pressure. Zn this study the pressure was varied
between 10"4 torr and 100 mtorr.

Shots ware taken both with and without an 800 gauss magnet in place. The
field orientation was parallel to the target surface and largely perpendicular

to the expanding debris plasma. The targets were mounted to allow a magnetic

expansion length of about 4 cm.

Two induction probes ware used to measure the field compression. Both
probes were 1.0 1 .1 cm from the laser axis and situated 1.5 * .1 and 3.0 t .1

cm from the target. The probes consisted of a single 500 urm diameter loop
encapsulated in a quartz envelope as shown in Figure 2.

The magnetic probes work by using Lent's Law in which a changing magnetic
flux across the probe induces a current in the loop. The proper operation of
the probes wre checked by rotating the loop by 1800 and noting the reversal
of the signal (electrostatic pickup by the loop would not change polarity by
such a rotation.)

T-,.1-Pq". ý 2



Examples of the observed dB/dt signals are shown in Figure 3; the two

probes were oriented antiparallel to each other. A clear signal reversal was

seen indicating that the probes were operating properly. Moreover, an

additional check was made by rotating the probes by 1800 and obsrving the

signals change sign.

The induced voltage resulting from the changing magnetic field across the

probe is given by

dB

v(t) = At d- (i)

where A, is the projected area of the loop perpendicular to the applied

field. if the Lnitial field is B. then the change in magnetic field, AS, can

be determined by integrating Equation (1), namely,

AB(t) - B(t) - So . V(t-)dt- (2)

IZ. Magnetic Field Measurements

A typical example of AB(t) is shown in Figure 4 for a probe situated 3 cm

from the target. The loop area was (2.0 * .4) x 10- 2 and its surface

normal was oriented to within * i00 of the applied field direction. Here an
external 800 gauss field and an ambient hydrogen gas ere present. A sudden

drop in the magnetic field occurs at about 100 nseoc after the laser pulse.

The fall time in the field of about 20 nsec, corresponding to a spatial width

of about 7 mm, 1s not limited by the probe or scop response time (.2 and 4

nsec, respectively). The accuracy of the probe me-jurements are limited to *

20% due to the uncertainty in the projected area of the loop and data

digitizing process.

Figure 5 shows a plot of aB versus laser energy taken with various
max

background pressures and laser energy conditions. ABmax is the peak

compressed field at the location of the probe. The ambient pressure for a

shot is indicated by the number at each data point. There appears to be a
weak scaling of AS with laser energy when the probe is 1.5 cm from the

max
target which is not observed 3 cm from the target. The larger compressed

fields measured at 3 cm relative to those measured at 1.5 cm are consistent

3..



with an expanding plasma having a magnetic Reynold's number greater than one.

The analysis should also take into account +he presence of an azimut-hal

self-generated magnetic field such as illustrated in Figure 6.6,7 This field

can result from the 7nx7T thermoelectric source term. To get an estimate the

magnitude of the self-generated field alone, the external magnetic field was

removed and the probes were repositioned to observe the azimuthal fields. The

measured field was between 100 and 200 gauss at 1.5 cm; no self-generated

fields were seen by the probe 3 cm away above 20 gauss. Therefore, the self-

generated fields are smaller than the external field in our measurements.

Also the probes were oriented to minimize the contribution of the self-

generated fields in the compression measurements.

ZV. Magnetic Field Velocity and Shell Thickness Measurements

Measurements of the arrival time of the magnetic shell were compared with

data gathered from time-of-flight charge collectors and time-of-flight

spectroscopy of CVI debris ions. An average shell velocity can be defined as

the distance to the probe divided by the elapsed time between the x-ray pulse

and the peak of the dB/dt signal peak as indicated in Figure 7. Similarly,

velocity measurements were taken with charge time-of-flight detectors

situated 22 cm from the target and 450 from the laser axis. The CV1 time-of-

flight spectroscopy was accomplished by means of a spectrometer tuned to

3434 A which views the expansion region 1 cm in front of the target surface,

as illustrated in Figure 8; a time-resclving photomultiplier detector responds

to the arrival of CVI ions.

Table 1 compares the velocities obtained from these three diagnostics.

They are all in general agreement; but the magnetic measurements tend to give

slightly higher velocities. Also, the velocity measured with induction probes

appears to slow down with distance from target. Thus, we infer that the

compressed magnetic field appears to travel slightly ahead of the debris.8

Another interesting feature present in the data is that the magnetic

shell width increases as one moves away from the target. This thickness is

defined as the FWH4 points on the AB curve in Figure 4. One explanation for

this difference may be that the plasmas temperature drops with distance,

4



causing the plasma to be more resistive; this would enhance the degree of

magnetic diffusion and, therefore, increase the width of the magnetic shell.

V. Conclusions

Magnetic field compression and a magnetic depleted bubble have been

observed when a laser-generated plasma expands into a magnetized ionized

background gas. The compression increases with distance away from the

target. in addition, the thickness of the compressed field is approximately 1

cm at incident energies above 20 joules. However, 3 cm from the target this

thickness tends to increase with reduced laser energy on target. The

compressed magnetic field travels with velocities equal to or slightly greater

than the debris velocity.
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Fig. 1 - Magnetic field compression simulation experiment
using laser irradiated targets in an external magnetic field
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BY LENZ'S LAW THE INDUCED MAGNETIC FIELD BY THE
LOOP CURRENT OPPOSES THE CHANGE OF MAGNETIC
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Fig. 7- Magnetic bubble velocity determination
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Fig. 8 - CVI Time-of-flight spectrometer examining the plasma 1 cm in front of the target
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¶ORLDWAY POSTAL CENTER.
LOS ANGELES, CA 90009 SANDIA LABORATORIES

OICY ATTN SK& (SPACE camH SYSTEMS) P.O. 0ox 3800
M. CLAVIN ALBUQUERQUE, NM 871.15

COCY ATTN D•C CON FOR ,. BROWN
SAMSO/MN OCLY ATTN DO CON FOR A. T•ORNIROUG1
NORTON All, CA 92409 OICY ATTN OC CON FOR T. WRIGHT
(MINUTIUAN) OLCY ATTN DOC CON FORL0. DARLGUN

01CY ATTN 4mM CLOT ArTN DOC CON FOR 314L
OICY ATTN DOC CON FOR SPACE PROJECT DIV

COMMANDER
ROME AIR DEVELOKENT CENTER, APSC SANDIA LABORATORIES
HANSCOM AFS, MA 01731 LIVERMORE LABORATORY

0ICY ATTN SEP A. LORENTZEN P.O. BOX 969
LIVERMORE, CA 94550

DEPARTMENT OF ENERGY OICY ATTN 30C CON FOR S. MURYPET
LIERLLY ROOM 0-042 010? ATTN DOC CON FOR T. COOK
WASHRINGTON. D.C. 20545

OLCY ATTN DOC CON FOR A. LABOWITZ OFFICE O N1LITARY APPLICATION
DEPARTMENT OF ENERGY
WASItINGTON, D.C. 20545

oIY ATTN DOC CON DR. TO SONG
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OTEII GOVERNMENT BOEING COMPANY. THE
P.O. SOX 3707

DEPARTMENT 07 COtO.RCE SEATTLE, WA 981.24
NATIONAL 3UREAU OF STANDARDS OLCY ATTN G. KEISTER
WASHINGTON, D.C. 20234 OICY ATTN D. ,URRAY

OICY (ALL CORP.ES: ATTN SEC OFFICER FOR) OLCY ATTN G. HALL
OLCY ATTN J. KENNEY

INSTITUTE FOR TELECOK SCIENCES
NATIONAL TELECOMMUNICATIONS & INFO ADMIN CHARLES STARK DRAPER LA3ORATO1Y, INC.
SOULDER., CO 80303 555 TECRNOLOGY SQUARE

OLCY ATTN A. JEAN (UNCLASS ONLY) CAMBRIDGE, HA 02139
OICY ATTN W. UTLAUT OCY ATTN 0.B. COX
OlCY ATTN 0. CRO•NI• OICY ATTN J.P. GILHO[Z
OLCY ATTI L. BERRY

COMSAT LABORATORIES
NATIONAL OCEANIC & ATMOSPHERIC ADMIN LINTHICUK ROAD
ENVIRONMENTAL RESEARCH LAIO.ATORIES CLAWx GO, '1 20734
DEPARTMENT OP COMMERCE OLCY ATTN G. HYDE
BOULDER, CO 80302

OlCY ATTN R. GRUBS CORNELL UNIVERSITY
OCY ATTN AERONOMY LIB 0. REID DEPARTMENT Of ELECTRICAL IENGIINZERLNG

ITHACA, NY 14850
OICY ATTN D.T. FARLEY, JR.

DEPARTMENT or O•E• SE CONTRACTORS
ELICTROSPACE SYSTEMS, INC.

AEROSPACE CORPORATION BOX 1359
P.O. BOX 92957 RICRARDSON, T% 75080
LOS ANGZLES, CA 90009 . CC ATTN R. LOGSTON

OICY ATTN 1. GARFUNKEL OI CY ATTN SECURLTY (PAUL PHIT.LL•PS)
OrCY ATTN T. SAL,4
O1.CY ATTN 7. JOSEHSON &OS TECI.TNOLOGZES, :NC.
OlCY ATTN S. BOWER 606 Wilshire l3lvd.
OLCT ATTN 0. OLSEN Santa Xoaniu£, Calif 90401

OICY ATTN C.5. GABBARD
ANALYTICAL SYSTEMS ENGINEERING CORP
5 OLD CONCORD ROAD ZSL, INC.
SURLLNGTON, MA 01803 495 JAVA DRIVE

OLCY ATTN U 0O SCIEICES SUNNYVALE, CA 94086
OCY ATTN J. ROBERTS

AUSTIN UESMARCH ASSOC., INC. OLCY ATTN JAMES MARS,•ALL
1901 RUTLAND DRIVE
AUSTIN, T% 78758 GENEILAL ELECTRIC COMPANY

OLCY ATTN L. SLOAN SPACE DIVISION
OICY ATTN R. THOMPSON VALLEY FORCE SPACE CENTER

GODDARD BLVD KING OF PRUSSIA
BERKELEY aESEARCH ASSOCIATES, INC. P.O. soX 8555
P.O. BOX 983 PHILADELPHIA, PA %.9101
BERKELEY, CA 94701 01C ATTN NH.. BORTNER SPACE SCI LAS

OlCY A=TN J. WORMtAN
OLCY ATTN C. PRETTIE GENERAL MLECTRIC COMPANY
OLCY ATTN S. SBECHT P.O. BOX t122

SYRACUSE, NY 13201
OLCY ,TTN F. REIBERT
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GENE.I-LAL ELECTRIC TECH SERV.CES CO., INC. JOHNS HOPKINS UNIVERSITY
RMEs APPLIED PHYSICS LABORATORY
COURT STREET JOHNS HOPKINS ROAD
SYR.ACUSE. NY 121LAUREL, Kn 20810

OLCY ATTN G. 4ILLUAN OIY ATTN DOCUMENT LIBRARIAN
OICY ATTN THOMAS POTTMFA

GEOPHYSICAL INSTITUTE O2,CY ATTN JOHN DASSOULAS
UNIVERSITY OF ALASKA
FAIRBANKS, AK 99701 KAMAN SCIENCES CORP

(ALL CLASS ATTNt SECURITY OFFICER) P.O. BOX 7463
OICY ATTN T.N. DAVIS (UNCLASS ONLY) COLORADO SPRINGS, CO 80933
O0CY kTTN TECHNICAL LIURARA OLCY ATTN T. !4EAGER'
OLCY ATTN NEAL BROWN (UNCLASS ONLY)

KAMAN TEKPO-CZNTER FOR ADVANCED STUDIES
GTE SYLVANIA, INC. 816 STATE STREET (7.O DRAWER QQ)
ELECTRONICS SYSTES aRP-,ASTERN DIV SANTA BARBARA, CA 93102
77 A STREET O.CY ATTN DASIAC
NEEDHAM, mt 02194 OCY ATTN WARREN S. KNAPP

02.CY ATTN DICK STEZINOF OICY ATTH WILLIAM MCNAMARA
OlCY ATTN B. GAMBILL

HSS, INC.
2 ALFRED CIRCLE LINKABIT CORP
BEDFORD, 4A 01730 10453 ROSELLE
OICY ATTN DONALD HANSEN SAN DIEGO, CA 92121

OICY ATTN IRWIN JACOBS
ILLINOIS, tNIVERSITY OF
107 COBLE HALL LOCKHEED MISSILES & SPACE CO., INC
150,DAVENPORT HOUSE .O. BOX 04
CHAHPANCN, IL 618•O SUNNYVALE, CA 94088

(ALL CORRES ATTN DAN MCCLELLAND) OCY ATTN DEPT 60-12
01CY ATTN K. YEll 01CY ATTN D.R. Ct!URCHZLL

INSTITUTE FOR DEFENSE ANALYSES LOCKHEED MISSILES & SPACE CO., INC.
1801 NO. BEAUREgARD STREET 3231 HANOVER STREET
ALEXANDRIA, VA 22311 PALO ALTO, CA 94304

OICY ATTN J.M. AEIN OICY ATTN MARTIN WALT DEPT 52-12
0IOT ATTN ERNEST SAUER OICY ATTN W.L. I"MHOF DEPT 52-L2
OICY ATTN HANS WOLFARD OICY ATTN RICHARD G. JOHNSON DEPT' 32-12

OCY ATTN JOEL BENGSTON OLCY ATTN J.l. CLADIS DEPT 52-L2

INTL TEL & TELEGRAPH CORPOILATION MARTIN MARIETTA CORP
500 WASHINGTON AVENUE ORLANDO DIVISION
NUTLEY, NJ 0711.0 P.O. BOX 5837

OICY ATTN TECIINtCAL LIBRARY ORLANDO, FL 1:805
OLCY ATTN R. HEFFNER

JAYCOR
11011 TORREYANA ROAD M.t.T. LINCOLN LABORATORY
P.O. BOX 85154 P.O. BOX 73
SAN DIEGO, CA 92138 LEXINGTON, MA 02173
OCl0 ATTN J.L. SPERLING OC1 ATTN DAVID H. TOWLE

01CY ATTN L. LOUGHLIN
010Y ATTN D. CLARK
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4CDONNTL DOUGLAS CORPORATION PENNSYLVP.NTA STATC UNIVTRSITY
5301 BOLSA AVENU IONOSPNERE RESEARCHt LAB
HUNTINGTON BEACH, CA 92647 315 ELECTRICAL ENGINEERING EAST
OIC0 ATTN 1. RARU$S UmIVERSITYr PARK, PA 16aoz
O0CY ATTN J. MOULE (NO CLASS TO THIS ADDRESS)
OCY ATTN4 GEORGE X.ROZ OICY ATTH IONOSPHERIC RSEA.RCH LAB
OICY ATTN W. OLSON
OICY ATTN R.W. RkALIRIN PROTOMSTRICS, INC.
OCY ATTN TECHIICAL LIBRARY SERVICES 4 ARROW DRIVE

WOBURNk, MA 01801
)CESSION RESEARCH• CORPORA.TION 01CY ATTN IRVING L. KOF$1Y

735 STATE STREET
SANTA BARtBARA, U, 9311 PHYSICAL DYNAMICS, INC.

0ICY A•TT P. FISCHER P.O. BOX 3027
OICT ATTN W.T. CRIVISR B.LLEVU, WA 98009
OLCT ATTN STEV9N L. GUTSCHE OICY ATTN E.J. FMO01
OLCY ATTN 1. ••OUSCHi
OlCT ATM R. fDfrRICK PHYSICAL DYNAMICS, ZNC.
O.CT ATTH RALPH KhLB P.O. BOX L0367
OICY ATTN DAV SOWLS OAKLAND, CA 94610

OICY ATTN ?. FAJEN ATTN A. THOMSON
OLCT ATTZI M. SCRXIBE

tLCY ATTN CONRAD L. LON4I1RE 1 & D ASSOCIATES
OlCY ATTN a. WHITE P.O. BOX 9695MARIXNA DEL REY, CA 90291

MISSION RESEARCR CORP. OICY AT?.f FORREST 11LNORE
1720 RAWroLPH ROAD, S.Z. OICY ATTN WILLIAM 3. WRIGHT, JR.

ALB~n~n, EW EXIO 3106OICY ATTN ROBERT ?. LELPVIEP.
OiCY R. STELLINGJER! OIC' ATTN WIlLLIAM J. KARZAS
OICY m. ALME OICY ATTN R. ORY
OICY L,. WJRIGHT OICY ATT4 C. XACDONALC

OICY ATTN &. TURC0
MITRE CORPORATION, THE O0C¥ ATTN L. DaRAND
P.O. sOXc 208 OICY ATTN W. TSAI
BEDFORD, KA 01730
OICY ATTN JOHN HORGANSTPRN RAND CORPORATrION, TE
O0CY ATTN 0. HARDING 1700 ULAMr STREET
OLCY ATTN C.E. CALLARAN SANTA KONICA, CA 90408

OICY ATTN CULLEN CRAIN
HMI CORP 0.CY ATTN ED BEDROZIAN
WESTOATE .SKARCH PARK

a-20 DOLLY MADISON BLVD RAYTHEON CO.
MCLEAN, VA 22101 528 BOSTON POST ROAD

OICY ATT! W. HALL SUDBURY, MA 01776
O1.CY ATTN W. FOSTER OICY ATTN BARBARA ADAMS

PACIFIC-SIERRA RESEARCH CORP RIVERSIDE RESEARCH INSTITUTE
12340 SANTA MONICA BLVD. 330 WCST 42nd STREET
LOS ANGELES, CA 90025 NEW YORK, 4T 10036

OICY ATTN S.C. FIELD, JR. O0.0y ATTN VINCE TIAPANI
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SCIENCE APPLICATIGONS INC. TRW DEFENSE & SPACE SYS GROUP
t150 PROSPECT PLAZA ONE SPACE ?.lc
LA JOLLA. CA 92037 REDONDO 3EACH, CA 90278

0iCY ATTN LEWIS .4. LIN•ON OICY A=. R3. K ?LEBUCf-
OCY ATTN DANIEL A. R.knv; OICY ATTN S. ALTSCHt;LER
OICY ATTN E. FRILMAN OCY AtN 0. DEE
OC'fr ATTN S.A. STaAJMR OCY ATTN D/ ST0CXWZLL
OICY ATTIN CURTIS A. SIITII SNT7/1575
OdCT ATTN JACK MCDOUGALL

VISIDYNE
SCZIENC• APFLCAXIONS, INC SOLTRH SDFORD STREET
1710 GOODLI.DGK DR. BURLZNGrON, .HASS 01803
.CL1!4N, WA 22102 OICY AkT-R W. Ur.Dy

A.TTN: J. COCYATNE 0ICY ATTN J. cAuPENTrEx
OLCY ATTN C. HU"PuY

31LU EXTEMLATION41,
333 RtAVESWOOD AVENUE

MNERLO PARKN 94025 i
OICT ATTN DONALD NEILSON
OLCT AxTN ALAN BuL'S
OICY ATTN G. SMITH
OICT ATTN R. T3tTNODA
01CY ATTNq DAVID A. JOHN•SON

OICY ATTN WALTER G. CRESNUT7
11CY ATTSN C1ARLEE L. RINO
OCY ATT= IJALTER ,•AY
O0CY ATTN. J. ViCIQEY
OICY ATTN RAY L. LEADABRA.O
OICY ATTN G. CARPENTER
o1CT ATTN G. PRIZE
OalT ATI-m R. LIVINGSTON
01CY ATTN V. GONZALES
OICY AM, D. XCDAUIEL

12CHROLOCY INTERNATIONAL CORP K
75 WIGGINS AVENUZ
aIZDORD, 4A 0173o

GICY =TTN W-.P. 3OQUIST

TOWN y.SzALC Co.
P.O. Box 6890

SANTA BARUUAA, CA 93111
OICY ArrN JOHN ISE, JR.
0OCY ATTN JOEL GARBAR11O
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